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Abstract

Speaking on the telephone is one of the most commeported difficulties faced by the hearing
impaired. Mobile telephones provide a further peyhl as they are designed to be used ‘on the
go’, and are therefore often used in noisy envirents. To address this issue, both hearing aid
and mobile phone companies have produced deviagsaim to improve the mobile phone
experience in the hearing impaired. The study reggtbhere offers an impartial assessment of the
efficiency of four of these units; Starkey’s ELhoRak’s Smartlink and iCom, and the Artone.
Consonant-Vowel-Consonant word recognition and gsgisfaction were measured in both quiet
and in presence of background noise, and the Simanttas determined to be the most effective
device. It was, however, considerably more expengian the other devices on test, and this
should be taken into account when recommendingige¢o a client.

1. Introduction

In 2007, Reuters announced that the world penetraif mobile phones had reached 50%, and thatrires&/estern
countries, penetration was over 100% [1]. Theseréig emphasise the importance of mobile phone®demn life, and
show how at least half of the world’s populationaiscustomed to the instant, ‘always available’ustahat these
devices offer. Unfortunately, this integral aspafctnodern life was often denied to the hearing imgghcommunity, as
functionality with hearing aids and cochlear imptarwas hindered by the electromagnetic or radigueacy
interference that the phones emit [2]. These problstill exist, but have decreased in recent ydaesto improved
technologies, such as digital signal processingchvhave increased the resistance of hearing aid&tinterference
[3], and governmental obligations, such as thos¢hef Federal Communications Commission (FCC) in WsA,
towards compatibility between hearing aid and nephone [3-5].

Regrettably, technical problems are not the onsués faced by hearing impaired listeners wishingige mobile
phones, as hearing aid users often have diffi@dtymunicating over the telephone relative to factate speech [6].
Primarily, the lack of visual cues when using a mphaemoves crucial information from the speaker civhis
particularly important for the hearing impaired.WiN8G technology is available, which allows a spedkebe seen as
well as heard, but 3G phones are expensive, théauof people carrying a compatible phone and wkonalling to
make a video call, and the 3G connectivity areadigfirable [7]. The limited bandwidth of phones atsatributes to
the reduced intelligibility. Both landline and cefihones generally have bandwidths which range hetwe
approximately 300 to 3500Hz [8], and therefore in@at high frequency cues in speech are lost. Euribre, mobile
phones, by their nature, are to be used when ‘emgthand as a result the user could be in a rarisyronment when a
call is received. Background noise is recognised agjor factor influencing hearing aid satisfact[8]; it therefore
makes sense that hearing on a mobile phone in maikbe difficult. Considering that the acoustiatput level of a
phone is sometimes not loud enough for some heaithgisers [8] the signal-to-noise ratio in a naswironment
could be very low. This means that hearing aid siseceive calls but the speech signal may be maskédckground
noise.
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1.1. Improvements in hearing aid/mobile phone compatibility

Neck loops are a commercially available productcsjpally designed for hearing aid users that hgveblems

communicating using mobile phones [10, 11]. Thepsist of a wire loop worn around the individual'sck and

connected to the mobile phone. Upon receiving aadiffom the mobile, the loop relays this signattte hearing aids
via an induction loop, using the telecoil containgihin the aid. As such, only hearing aids withetwils are

compatible with a neck loop, which limits their gsato larger hearing aids (mainly Behind-The-EafER Many

hearing aids have the option to turn off the hepsid microphone while using a neck loop, redueing acoustic input
and, as a result, any unwanted background noige.&al. [10] investigated the effectivenesdNukia Loopsets and
found promising results. Unfortunately loopsets @wanected directly to the phone via a cable andire a specific
connector, normally a 2.5mm stereo jack. Many pkooe the market no longer have a 2.5mm stereo bt

therefore using a neck loop severely limits theiahmf phone for hearing aid users. These devitss lzave the
disadvantage that the signal can be affected logrelmagnetic noise. More recently, the advent afeBoth and other
wireless technology has allowed more solutionsetaéveloped.

Bluetooth Wireless technology was originally deyad in 1994 by Ericsson, but it wasn't until 198&ttmany other
companies joined to form the Bluetooth Special rege Group (SIG), which aimed to develop the te&bmp as a

replacement for connecting cables [12]. Bluetosth short range (1-10m) wireless area networkinthoae designed
to allow connectivity between personal equipmentksas mobile phones or digital cameras) to larggworks of

computers and equipment. The name ‘Bluetooth’ ismglicised version of the name of thé"i&ntury Danish/Norse
king, Harald Blatand, who is renowned for unitifg tScandinavian people. The implication is thateRioth unites
hardware with similar efficiency [12].

Of the 1.2 billion cellular handsets introducedittte market in 2008, over half had Bluetooth cdjpalpl3]. In recent
years, hearing aid manufacturers (e.g. Starkeyn&tydSiemens and Oticon) and mobile phone prodyeeys Nokia)
have attempted to harness this inclusion to impmeeile phone experience in individuals with hegraids. Due to
the high power consumption and the size requiridrte have not been successful in incorporatingeBioth directly
into the hearing aids [14], and rely therefore onexternal device to relay the information from higone to the
hearing aids.

Two of the first of the hearing aid-compatible Blugth assisted listening devices (ALDs) were tharl@&y ELI (Ear

Level Instrument) and the Phonak Smartlink. The &tés Bluetooth to send the audio signal from thbil@ phone to
a device attached to the direct audio input (DAIR®TE hearing aid, but can also be fitted intoeak loop [11]. The
Eli is the only device that receives a Bluetootinal at the hearing aid, instead of via a intermedrouting device.
The Smartlink uses a different approach; instead direct connection to the aid, the Smartlink asts relay station
between the phone and the hearing aid. The mobi@g connects to the Smartlink with Bluetooth, ket Smartlink

communicates with both aids with a FM signal emabbinaural hearing on the phone. The hearing aist tmave a FM
receiver for the Smartlink to work which again lismithe user to BTE hearing aids [14]. A furthefdyestation’ device
comes in the form of the Artone. This device is mvaround the neck, as a neck loop, but receivest ifipm the

mobile phone via Bluetooth and passes the sign#étedhearing aids via induction to the telecoitlie hearing aid.
Three more ‘relay station’ type devices are nowtle market, the Phonak iCom, Seimens Tek and O®&togamer.

These three devices all use Bluetooth to commumiaéth the mobile and then split the signal befegading it to each
hearing aid in discrete streams, so as to providaubal listening. These devices use digital magreansmission,
which was introduced by Seimens, with ear to eaeless technology to enable communication of ggstifvolume,

programs) made to one aid across to the otherrigeait [14]. Digital magnetic transmission, or maecifically

near-field magnetic induction communication (NFM|@iffers from wireless communications in thatdes not use an
antenna and is intended for very short range (iBm}L T coil technology mentioned earlier also usesgnetic

induction except a telecoil signal has no carnieqfiency. For telecoils, the signal is directly &figal by the hearing
aid, NFMIC has a carrier signal with enough bandkwit transmit an audio signal. Despite the obvioysortance of
mobile phone use for hearing aid users, little pa@ent research has been undertaken to evaleatelative merits of
different assistive devices.

The study reported here aimed to offer an impaianparison of iCom, Artone, Eli, Smartlink unit. was
hypothesised that performance would be better iatdan noise and the performance with ALDs wdddsuperior to
unassisted hearing and hearing aids alone.
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2. Methods

The research described was approved by the UniyasSiAuckland Human Participants Ethics Committaad the
authors have no financial interest in the outcof@® study.

2.1. Participants

Volunteers were recruited from The University ofckland Hearing and Tinnitus Clinic. Ten individudis male; 3
female, age range 58-78; mean 64.5; std 6.4) sexsq@irticipants in the study. Participants wergdad mental and
physical health, and were current open fit heagiidgusers. Their sensorineural hearing impairmedttbh be within the
fitting range of a Phonak Exélia M BTE fitted witipen fit tubing. All participants had at least 6ntis experience
with their current aids and used a mobile phonenmoetary reimbursement was given to the parti¢cgpanthis study.

2.2. Materials

Participants were fitted with Phonak Exelia M BT&ahing aids. The assisted listening devices used the Starkey
ELI (Ear Level Instrument), Phonak Smartlink andn and Artone’s Bluetooth device. Experimentdiscaere
made to a Vodafone NZ Sony Ericsson V630i mobilergh

2.3. Procedure

All evaluations were undertaken at the Audiologyctide of The University of Auckland. Prior to tesyi each
participant underwent a standard audiological ngdtiattery as follows; the external ear of all iggyants was checked
for obstructions with a Welch Ally' otoscope. Pure tone audiometry was performed uair@S! 61 clinical
audiometer and Telephonics TDH 50P Supraaural eagsh Sennheiser HAD 200 Circumaural earphones, or
E.A.R®toné" 3A insert earphones fitted with adult foam tiBgne conduction was performed using a B 71 bone
conductor. Tympanometry was conducted using a G&ipbtar middle ear analyser and an appropriatel sizieber
probe tip.

The results from the audiometric tests were thad us program the Phonak Exelia M BTE aids bildeta each
individual to first fit, based on the NAL NL1 prefutive formula. Each participant was a currentrofiie hearing aid
user, and when possible each participant was fitigutubing and domes that matched those that theyently used.

The participants’ signal-to-noise ratio (SNR) legss then measured both with and without hearing imighlace using

the Quick Speech In Noise (QuickSIN; [15]) testisTtest is a list of six sentences with five keyré®per sentence
presented in four-talker babble noise. SNR lostefined as the increase in signal-to-noise ratipired by a listener
to obtain a 50% correct score compared to norntdbprance. The test sentences were presented hopaaticipant at

60 dB HL at pre-recorded signal-to-noise ratiosolitdecrease in 5 dB steps from 25 dB (very eas@)dB (extremely

difficult), to encompass normal to severely impdiperformances in noise. Each key word correcsted®s to a score
of one; there are 30 words in total and therefomegaaimum total of 30. This total is then subtrachedn 25.5 to give

the SNR loss, 0-2 dB is normal, 2-7 dB is a mildRSNss, 7-15 dB is a moderate SNR loss, and > 1isdBsevere
SNR loss.

Four consonant-vowel-consonant (CVC) speech ligsewead to the participant with MLV at 65 dB SPider six

conditions: no hearing aids, hearing aids alonarihg aids on telecoil mode with an iCom, heariids@n FM mode
with a Smartlink, hearing aids with DAl mode with &li attached using an appropriate dock, or hgaaids and an
Artone. For each condition, four speech lists wes to the subject over the phone; two lists iietgand two lists in
noise (100 talker babble). CVC speech lists wermaseh, as they require the subject to hear the woutisght. If

sentences had been used, then words could becdfieased on context.

The participant was seated in a separate roomet@dher, two metres from the two Aiwa SX-NAVH128peakers
which were used solely for delivering the noise keas in the ‘noise’ condition. They were then inosted by the
experimenter on the use of the Vodafone Sony Ericd4630i mobile phone, and, once confident, thértgsbegan.
The first two test condition were the same forpaltticipants, beginning with the conventional u$& anobile phone
without hearing aids, followed by hearing aids &lavithout any assistive listening devices (ALD)eTarticipant was
instructed to answer the mobile phone provided laold the phone to their favoured ear as they ndymabuld.
Stimuli were presented using monitored live voieeur consonant-vowel-consonant (CVC) word listsemerad into

an Ericsson 422fandline phone from a separate room at a levebef® dB SPL, as measured with a Bruel and Kjeer
type 2250 hand held analyser positioned at thd ke phone’s speaker.
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Two lists were first read in quiet and the respsrfsem the participant were scored and recorddtbvied by two lists

in noise in the same manner. After the lists wenamete the participant was asked to rate how thely heard on the
phone in quiet and in noise out of ten on a visralogue scale (VAS; one being poor and 10 being well) and

given an opportunity to make any comments they fi&e. hearing aids were then worn by the particiart they
were instructed on the positioning the mobile phaheve the ear over the microphones of the BTEimgaids. The
positioning of the mobile can greatly affect theusth level heard and each participant was given tinénd the

optimal position for listening on the phone befare speech lists were read. Four further CVC wistd Ivere read to
the participant in quiet and noise and two VAS®rded in the same fashion as above. Each participas instructed
on the particular ALD of use, four lists were rebdo in quiet and two in noise and two VASs welkedi out once the
word lists were complete. The order of the remajrour conditions varied for each participant.

2.4. Statistical analysis

In order to study the changes in the two meas@esrded in this study (Speech and VAS scores)@ated measures
analysis of variance was carried out, with ALD a@matkground situation (Quiet/Noise) as independeatofs, and
VAS and Speech scores as the dependent varialies.tdst was carried out using the Repeated Messbemeral
Linear Model function in SPSS 15.

3. Results
3.1. Hearing thresholds

All ten participants had a high frequency sensaniakhearing loss in both ears, as shown in figurell participants
were mobile phone users, but none were familialn tie mobile phone used in this study, and noneusad any of the
ALDs used in this study before. The quickSIN testeraled that four of the 10 participants did notdji from wearing
a hearing aid for speech comprehension in noigedBi
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Figurel - Average hearing loss and standard deviation (error bars) acrossall listeners (both ears).
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QuickSin Results
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Figure 2 - Results of the QuickSIN test by participant

3.2. Assisted listening device performance

Subject’s performance was tested using each ALPebging CVC words and making a note of the numtbevards
that were correctly identified by the participarttem using the mobile phone under each listeningliion (Quiet or
Noise; Fig. 3.). The subject’s opinion of the penfance of the ALD was then determined using a V}Sesn (Fig.4.).
Scores did not vary according to the participarg®ults in the QuickSIN test (Fig.2).

3.3. Comparison of Quiet and Noise performance

As hypothesised, there was a main effect of Baakgtdn performance when looking at both Speech\&i8 scores
(F,, 7= 43.7; p < .001). In a quiet environment, scawese higher than when the background noise wadeabprhis
was true whether using a hearing aid or not, anetlvet an ALD was used to assist listening. Thers also a main
effect of Device (no hearing aid, HA alone, or e$eeach ALD; ko, 7= 6.7; p < .001), and a statistically significant
interaction between Device and Backgroung, ()= 4.4; p < .001), suggesting that some ALDs welttebén Noise
than others. In order to determine these differenperformance will now be described by Backgrotype (either in
Quiet or in Noise).

3.3.1. Testing in Quiet

Generally, the use of an ALD was beneficial in @hget condition, and always offered a benefit aberuse of hearing
aids alone whether measured by Speech scores )(AipB using a hearing aid offered better perforogathan that
seen when a hearing aid was used without an ALDwd¥er, the use of ALDs increased the number ofextly
identified words compared to the use of a hearidg@bne and was generally either better or conigar® the number
identified when no hearing aid was used. Performaleays reached a mean score of at least 80%eactied 97%
when the Smartlink was used.

As anticipated, the VAS scores showed a similardr® those of the CVC speech scores. Using thertgeaid alone,
subjects reported hearing the phone marginallyebétian without the hearing aid, and to the sangeegeas when the
Artone was used. Mean ratings ranged from 6.53pWith the worst rating being for non-assistedrimeg and the best
being for the Smartlink and iCom, with the Eli jiigthind.
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Figure 3- Mean CVC speech scores across listenersfor each ALD in quiet and noise. The error barsindicate + 1
standar d deviation.

VAS scores
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Figure4 - Mean VAS (1-10) scores across participantsin quiet and noise for each deviceused. Theerror bars
indicate + 1 standard deviation

3.3.2. Testing in Noise

Unaided speech scores decreased greatly uponadditibackground noise, as did those of the heaaidgalone
condition. This decrease in performance was resegnby the participants, and the VAS scores chaagedrdingly.
Generally, speech performance in Noise was variadleeen subjects, as evidenced by the large sthio@aiation in
figure 3.
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Table 1 - General aspects of each ALD which may influence selection

ELI Artone iCom Smart Link
Aesthetic No one wanted tg Good aestheticy; Good aestheticq, Good aestheticg
wear it discreet. feels light and| but large
small.
Compatibility Any BTE with DAI | Any aid with a T| Only Phonak Any BTE with
capabilities coil FM capabilities
Usability Easy Easy Easy More

complicated but
no one had an

problems
Size Makes HA very| Good, but has tg Good, but has to Larger and
large, but no neefbe worn around be worn around heavier than the¢
for other units. the neck neck other devices
Performance in | VAS | Speech VAS | Speech VAS$ Speech VAS Spedch
QUi et Ranki ng 3rd 2nd 4th 4th 151 gd 2nd 131
(Average
overall score)
Performance in | VAS | Speech VAS | Speech VAS$ Speech VAS Spedch
NotseRanking - o1t F & ¥ (¥ [r [
(Average
overall score)
Cost Discontinued NZ$335.67 NZ$337.50 NZ$1378.13

The worst performances were seen when in the tgeaithalone and the Artone conditions, with scaes35% and
50% respectively. However, nearly all participamésl a substantial speech benefit from using arthebther ALDs,
and the Eli, Smartlink and iCom each reached igibility of more than 80%. Comparable VAS scove=re obtained
in noise when no hearing aid was used, with theilgaid alone, and when the hearing aid was usembmjunction
with the Artone. In these cases, the VAS scoreewanv (mean <4). The Smartlink and the Eli had ri@st impact
(VAS scores >7), with the iCom also providing sutbipde improvement (VAS score 5.4).

Performance is, unfortunately, not the only crdgarthat a user will base their purchase choiceaod, other aspects
which may play a part are indicated in Table. Ir. &ample, although the Smartlink offers the bestggmance, it is
also the most expensive and heaviest of the ALD&sh and this may mean that a user will be lesknied to use it,
despite its improved performance over the otheicetso

4. Discussion

As anticipated, both speech scores and VAS sceflext the increased difficulty that participantsdhin hearing in the
presence of background noise. It is of interest sp@ech scores in quiet were actually better withbe use of the
hearing aid. This could be due to the participantdamiliarity with the particular hearing aids dse this study, and
despite being instructed as to where to hold trenphelative to the aid’s microphone prior to eksthbeing read, this
may not have been achieved accurately. Furthermoegjous research has also found evidence thabise, unaided
listening can provide more satisfactory performathamn that seen when the hearing aid was used éPaBentler, &

Mueller, 2006). These authors used annoyance agigian levels when using either ‘Dinner table’ waffic’ noise,

and found that amplification via hearing aids irsed both of the studied measures, up to a leaelvihs equal to
normal hearing individuals. Annoyance levels weog taken in the current study, but the amplificatif the noise,
and therefore decrease in the signal to noise, ratay explain the poorer performance when hearidg were used
over when no amplification was applied.
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Overall, the worst performance in both Quiet andsNoconditions was seen with the Artone. Indeets device
offered little benefit over unaided listening, winet measured objectively via the CVC word recognitscores, or
subjectively via the VAS ratings. There were, hoaeexceptions to this rule, and one listener obgirthat ‘for looks
and function the Artone is the best’, despite ndogia higher VAS score when using the Eli devitleis may be due
to the participant’s preference for the aesthadiesr function, as the Eli device was consistendgrded to be the most
unattractive of the devices tested.

Aside from the measures reported above, subjecte wrcouraged to make further comments about thizate

Generally, listeners found that the Smartlink hadywgood performance in quiet (‘The best hands doiwhit heavy

but worth it") and noise (‘Very good: cancelled smiout completely’). As noted above, the Eli wasegally not well

received due to its appearance, however, perforenars generally indicated as being good, althoighdf the nine

participants indicated issues with ‘static’ in quie noise, the Eli was generally well acceptagtdat’ and ‘the best in
noise possibly’). Although speech recognition ar&S\scores were low when the Artone was used, the awenplaint

from users was that it was too soft (‘Clear, qugteod. Needs to be louder’) and when noise was egplt was

inaudible (‘Background noise drowns it out’). Tmigy have been remedied by turning up the T coignm on the

aid, but as this study was looking at first fit @ach device they were all tested in the same mituabimilarly, despite
showing promising performance when measured by A& speech scores, the iCom was said to be veey, guid

ineffective in noise (‘couldn’t hear anything inise’). It should also be noted that the hearing aised in this study
were made by Phonak, and therefore the two ALDsalaalso manufactured by this company (Smardintt iCom)

may have benefitted from increased compatibility.

In conclusion, it is apparent that the Smartlinls\ilze most effective assisted listening device usehlis trial, both in
terms of objective performance, and each listengew of its functionality. That said, this devieeas also the most
expensive in the test, and this should be takem acttount when providing advice to hearing aid siskrdividual
preference for pricing and aesthetics will alsoentheir part to play in ALD selection, and cliniesamay find a trade-
off between the latter and functionality.
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